Introduction
Despite significant advances in patient monitoring, airway management approaches, and the safety of anesthetics that are in use today, perioperative organ failure remains one of the biggest threats for patients undergoing major surgeries [1 ,2] . For example, a patient who is undergoing an aortic valve replacement develops acute kidney injury in their postoperative course, and subsequently becomes dialysis dependent. Similarly, a patient who is having vascular surgery develops postoperative myocardial infarction and an ischemic stroke. Patients who are undergoing coronary surgery with cardiopulmonary bypass may go on to develop acute lung injury (ALI) in the postoperative course. We believe that in many instances, perioperative organ failure involves a hypoxic or an ischemic tissue injury [3] . Here is another example: during solid organ transplantation, the ischemic injury to the organ correlates with early graft failure and inflammatory responses [4] [5] [6] [7] . Although hypoxia causes organ injury and inflammation, hypoxia can also elicit anti-inflammatory responses that help to dampen hypoxia-induced inflammation [1 ] . In the present review, we discuss the hypothesis that hypoxia-elicited anti-inflammatory responses can be targeted to treat or prevent acute organ injury. We will provide the evidence that pharmacological strategies to target hypoxia-induced changes in gene expression can be therapeutic in acute myocardial ischemia [8] , acute kidney [9] [10] [11] [12] [13] [14] , or lung injury [15] [16] [17] [18] . Although these pharmacological strategies are currently investigated in experimental models, we hope that at least some of these approaches may become available for the treatment of perioperative patients in the near future.
The relationship between hypoxia and inflammation
Hypoxia and inflammation share an interdependent relationship. After all, hypoxia can elicit tissue inflammation. For instance, exposure to high altitude is associated with elevated inflammatory mediators in humans Purpose of review Hypoxia represents one of the strongest transcriptional stimuli known to us. In most cases, hypoxia-induced changes in gene expression are directed towards adapting tissues to conditions of limited oxygen availability.
Recent findings
As a well known example, physical exercise at high altitude results in the transcriptional induction of erythropoietin that functions to increase oxygen carrying capacity and red cell volume. Studies of the transcriptional pathway responsible for the induction of erythropoietin during conditions of hypoxia led to the discovery of the transcription factor hypoxia-inducible factor (HIF) that is known today as the key transcription factor for hypoxia adaptation. Surgical patients are frequently at risk for experiencing detrimental effects of hypoxia or ischemia, for example, in the context of acute kidney injury, myocardial, intestinal or hepatic ischemia, acute lung injury, or during organ transplantation.
Summary
In the present review, we discuss the mechanisms of transcriptional adaptation to hypoxia and provide evidence supporting the hypothesis that targeting hypoxia-induced inflammation can represent novel pharmacologic strategies to improve perioperative outcomes. Currently, such strategies are being explored at an experimental level, but we hope that some of these targets can be translated into perioperative patient care within the next decade. [19] . Similarly, mice that are exposed to acute hypoxia (e.g., to 8% oxygen over 8 h) develop elevated plasma levels of cytokines, in conjunction with pulmonary edema and inflammatory cell accumulation in the lungs and other organs [16, [20] [21] [22] [23] . There are many examples in the perioperative period that are characterized by hypoxia-induced inflammation. During organ transplantation, the ischemic graft becomes inflamed and targeting graft inflammation could represent a therapeutic approach to improve early organ function and decrease the chances of acute rejection [24] . Similarly, during acute organ ischemia -such as intestinal or hepatic ischemia -the ischemic organ becomes severely inflamed and experimental strategies to dampen hypoxia-induced inflammation are currently under investigation in mouse models [25-28,29 ,30-32] . Other examples for inflammation occurring in hypoxic conditions are displayed in Fig. 1 
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Although hypoxia can induce inflammation, inflamed tissues frequently become hypoxic. For example, patients with inflammatory bowel disease experience elevated levels of hypoxia-inducible factors (HIFs) [33] . HIF is a transcription factor that is stabilized during conditions of hypoxia. Studies of tissue hypoxia during experimentally induced colitis in mice also indicate that the inflamed intestine becomes severely hypoxic. Inflammation-induced tissue hypoxia is most likely caused by an imbalance in metabolic supply and demand ratios for metabolites and oxygen [34 ,35,36] . In the inflamed microenvironment, vascular stasis, occlusion, or thrombosis limits the supply of oxygen and metabolites. At the same time, the oxygen consumption of invading inflammatory cells and resident tissue cells is dramatically increased. Particularly, neutrophils and neutrophilderived nucleotides can further enhance hypoxiainduced inflammation [37] [38] [39] [40] . Together, these studies indicate that inflammatory conditions can result in robust tissue hypoxia. Clinical examples for tissue hypoxia caused by inflammatory conditions include ALI, cancer, or infections with pathogens (see Fig. 1 
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Key points
Tissue hypoxia can lead to inflammation. Tissue inflammation can lead to hypoxia.
The key transcription factor for hypoxia adaptation is the hypoxia-inducible factor (HIF). Prolyl hydroxylases and adenosine signaling are the two major pathways that interact with HIF signaling events and change the outcome of ischemiareperfusion injury in an experimental setting. Drugs that interact with these pathways are in the transition from bench to bedside. adapt tissues to hypoxia and to dampen hypoxia-induced inflammation [1 ]. In fact, understanding and targeting hypoxia-induced tissue adaptation could represent a powerful therapeutic approach for perioperative medicine. This can be achieved by two different strategies. On the one hand, pharmacological strategies can be utilized to directly enhance hypoxia-dependent changes in gene transcription, for example, by utilizing pharmacologic agents that enhance stabilization of HIFs [8, 41, 42] . Alternatively, hypoxia-induced genes that were shown to dampen hypoxia-induced inflammation can be targeted directly [10,15-18,20,40,43 ,44-50] .
Molecular mechanisms of hypoxia sensing and signaling
Hypoxia is among the strongest transcriptional stimuli known. A famous example of hypoxia-induced changes in gene transcription comes from the transcriptional regulation of erythropoietin during conditions of limited oxygen availability. When the oxygen supply becomes diminished, for example, in the context of ambient hypoxia, or because of tissue limited oxygen availability to the tissues during anemia, erythropoietin production is increased to counterbalance tissue hypoxia via increasing oxygen carrying capacity. This is well known to perioperative physicians, as we can hold off from transfusing red blood cells despite low hemoglobin levels if the bleeding is controlled, trusting that a healthy patient will be able to restore their red blood cell volume subsequently on their own. This response is mediated by a transcriptional induction of erythropoietin. Groundbreaking studies from the laboratory of Dr Semenza identified the transcriptional mechanism responsible for erythropoietin during hypoxia. In fact, Dr Semenza and his team identified a transcription factor that binds to the promoter of erythropoietin during conditions of hypoxia and is responsible for a hypoxia-elicited increase in promoter activity [51] [52] [53] . This transcription factor that is stabilized during hypoxia and drives hypoxiainduced induction or repression of gene expression was called 'HIF'.
Subsequent studies determined that HIF is an a/b heterodimeric transcription factor with a constitutively expressed b-subunit and a post-translationally regulated a-subunit. In fact, the a-subunit is rapidly destroyed via the proteasomal degradation pathway during normal oxygen availability. In contrast, hypoxia is associated with the stabilization of the a-subunit. When the a-subunit is stabilized, it can form a heterodimer with the HIF-b subunit allowing for transcriptional activity.
The heterodimer binds to the promoter region of genes that contain a consensus sequence for HIF binding -a so-called hypoxia responsive element (HRE) within their promoters. Binding of HIF can either induce enhanced transcription of a target gene [20, 45, 46, [53] [54] [55] [56] [57] or result in repression of gene expression [21, [47] [48] [49] . It is currently not well understood, why HIF can induce gene transcription in some instances, whereas it can repress promoter activity of genes in other circumstances. However, HIFdependent alterations in gene expression frequently result in coordinated adaptive responses that help to prepare tissues to limited oxygen availability [1 ]. More recently, it was discovered that a-subunits of HIF exists in two isoforms -HIF-1a and HIF-2a. Although they are closely related and both activate HRE-dependent gene transcription [58] , knockout studies in mice demonstrate that HIF-1a and HIF-2a play nonredundant roles, and inactivation of each one results in a distinctly different phenotype. This may result, in part, from differences in tissue-specific and temporal patterns of induction of each isoform [59, 60] , but, not uncommonly, both isoforms are expressed within a given cell type, and the results of several studies suggest that HIF-1a and HIF-2a may have distinct transcriptional targets [61, 62] . For example, the transcription of genes encoding enzymes that operate in a coordinated way in the glycolytic pathway appears to be driven by HIF-1a and not HIF-2a [61] [62] [63] [64] [65] (Fig. 2) .
It is important to point out that oxygen sensing does not occur through HIFs, but through a group of oxygendependent enzymes that regulate the stability of the a subunit of HIF -the so-called prolyl hydroxylases (PHDs). Under well oxygenated conditions, HIF-a becomes hydroxylated at one (or both) of two highly conserved prolyl residues by members of the PHD family (also called EgIN family) [60, 66] . Hydroxylation of either of these prolyl residues generates a binding site for the von Hippel-Lindau (pVHL) tumor suppressor protein, which is a component of a ubiquitin ligase complex. As a result, HIF-a is polyubiquitylated and subjected to proteasomal degradation when oxygen is available. The PHD proteins belong to the Fe(II) and 2-oxoglutaratedependent oxygenase superfamily, whose activity is absolutely dependent on oxygen. Accordingly, the rate of HIF hydroxylation is suppressed by hypoxia. Under low oxygen conditions, or in cells lacking functional pVHL, HIF-a accumulates, dimerizes with an HIF-b family member, translocates to the nucleus, and transcriptionally activates different genes, including genes involved in erythropoiesis, angiogenesis, autophagy, and energy metabolism [66] [67] [68] [69] [70] [71] . Factor inhibiting HIF (FIH)1, like the PHD family members, is an Fe(II)dependent and 2-oxoglutarate-dependent dioxygenase. When oxygen is available, FIH1 hydroxylates a conserved asparaginyl residue within the HIF-1a and HIF-2a, leading to a steric clash that prevents the recruitment of the coactivators p300 and CBP [66] (see Fig. 2 ). FIH1 remains active at lower oxygen concentrations than the PHDs and so might suppress the activity of HIF-a proteins that escape destruction in moderate hypoxia [72] . HIF-a stability is also regulated by other signaling pathways. For example, HSP90 inhibitors and histone acetylase inhibitors promote HIF-a degradation in a pVHL-independent manner [73] .
The prolyl hydroxylases-hypoxia-inducible factor pathway as a pharmacologic target
Several studies have explored pharmacologic approaches to directly target the PHD-HIF pathways. In fact, several pharmacologic compounds have been identified that efficiently inhibit the activity of PHDs. Inhibition of PHDs prevents HIF hydroxylation and proteasomal degradation. As such, PHD inhibitors can be used to stabilize HIF in the presence of normal oxygen concentrations, or to provide higher HIF levels under hypoxic or inflammatory conditions. Some of these compounds were initially evaluated for the treatment of renal anemia -as an alternative to treatment with erythropoietin. However, recent studies indicate that such compounds can be efficiently used to treat inflammatory conditions. For example, the laboratory of Dr Colgan has performed very elegant studies on the role of the PHD-HIF pathway in intestinal inflammation [34 ] . They initially set out to study mice with tissue-specific deletion of HIF during experimentally induced colitis. These studies revealed that deletion of HIF in intestinal epithelia is associated with a more severe course of the disease, including more 366 Drugs in anesthesia Figure 2 Regulation of hypoxia-inducible factor protein levels under normoxic or hypoxic conditions
In normoxia, hydroxylation at two proline residues promotes HIF-a association with pVHL and HIF-a destruction via the ubiquitin/proteasome pathway, whereas hydroxylation of an asparagine residue blocks association with coactivators. In hypoxia, these processes are suppressed, allowing HIF-a subunits (both HIF-1a and HIF-2a) to escape proteolysis, dimerize with HIF-1b, recruit coactivators, and activate transcription via hypoxia responsive elements. HIF, hypoxia-inducible factor; N, asparagine; OH, hydroxyl group; P, proline; Ub, ubiquitin. Adapted with permission from [62] .
profound weight loss of animals and increased intestinal inflammation [74] . On the basis of these studies, Dr Colgan and his team hypothesized that treatment with a pharmacologic inhibitor of PHDs could be associated with an improved outcome of intestinal inflammation [35] . To address this hypothesis, they used a novel PHD inhibitor FG-4497 that readily stabilizes HIF-1a and subsequently drives the expression downstream of HIF target genes (e.g., erythropoietin). They found that that the FG-4497-mediated induction of HIF-1a provides an overall beneficial influence on clinical symptoms [weight loss, colon length, tissue tumor necrosis factor-alpha (TNF-alpha)] in experimentally induced colitis, most likely because of their barrier protective function and wound healing during severe tissue hypoxia at the site of inflammation [41] . Similar studies in a different experimental model of colitis and with a different PHD inhibitor from the laboratory of Dr Cormac Taylor revealed strikingly similar results [42] . Together both studies provide a strong basis for the therapeutic use of PHD inhibitors in inflammatory mucosal diseases [34 ] . Other examples for experimental studies indicating a therapeutic use of PHD inhibitors include acute myocardial infarction. In fact, pretreatment with a PHD inhibitor was associated with a similar reduction in myocardial infarct size as ischemic preconditioning [8, 75] .
Pharmacologic approaches to target specific hypoxia-induced genes
Using PHD inhibitors for the treatment of hypoxiainduced inflammation represents a relatively nonspecific approach and pharmacologic HIF inhibitors may have many off-target effects. To limit the off-target effects of PHD inhibitors, an alternative approach for the treatment of hypoxia-induced inflammation is given by directly targeting specific HIF-target genes. For example, extracellular adenosine is a signaling molecule that has been shown to dampen hypoxia-induced inflammation in many animal models of disease [2,9,12,13,15-18,43 , 44,76-78] . Several studies have revealed that HIF plays a direct role in the biology of extracellular adenosine. For example, HIF has been shown to transcriptionally induce enzymes that produce adenosine from precursor nucleotides on the extracellular surface [55] . Extracellular adenosine signaling can occur through four distinct adenosine receptors: the A1, A2A, A2B, and A3AR. Hypoxia and HIF-dependent alterations in gene expression have provided strong evidence that the A2BAR represents a HIF target gene [46] . Consistent with the notion that A2BAR signaling plays an important role in dampening hypoxia-induced inflammation [12,15,16,22, 23,27,29 ,31,43 ,76,79-83] , the A2BAR has emerged as a direct target for treating inflammation in the context of tissue hypoxia.
Targeting hypoxia-induced inflammation in perioperative medicine
As outlined above, there are many examples in which hypoxia-elicited changes in gene expression represent endogenous pathways to dampen unhealthy inflammatory responses. In the final paragraph, we will discuss an example of how one of these pathways can be targeted to treat surgical patients. An important example for hypoxia-induced inflammation in the perioperative setting is represented by ALI [18] . ALI is a syndrome consisting of acute hypoxemic respiratory failure with bilateral pulmonary infiltrates, not attributable to left heart failure [84] . Despite optimal management consisting of aggressive treatment of the initiating cause, vigilant supportive care, and the prevention of nosocomial infections, mortality ranges between 35 and 60% [17, 84] . In fact, approximately 200 000 patients develop ALI annually in the USA, leading to 75 000 deaths and accounting for up to 3.6 million hospital days [85] . The pathogenesis of ALI is characterized by the influx of a protein-rich edema fluid into the interstitial and intra-alveolar spaces as a consequence of increased permeability of the alveolar-capillary barrier.
Despite the large impact of ALI on morbidity and mortality in critically ill patients [84] , many episodes of ALI are self-limiting and resolve spontaneously through unknown mechanisms. For example, patients undergoing major thoracic surgery for lung cancer have an overall incidence of ALI of less than 5% [86] , open heart surgery with cardiopulmonary bypass less than 0.5% [87] , or kidney transplantation of less than 0.2% [88] . On the basis of these clinical observations, we hypothesized that there may be innate adaptive pathways to dampen acute increases in the capillary-alveolar barrier associated with pulmonary stretch by mechanical ventilation. A series of experiments led to the identification of hypoxia-dependent increases in extracellular adenosine production and signaling during ALI [17, 50, 83] . In the course of these studies, we profiled the response to ventilator-induced lung injury in mice with genetic deletions of each of the four adenosine receptors and found that the deletion of the A2BAR gene was specifically associated with reduced survival time and increased pulmonary albumin leakage after injury. In wild-type mice, treatment with an A2BAR-selective antagonist resulted in enhanced pulmonary inflammation, edema, and attenuated gas exchange, whereas an A2BAR agonist attenuated VILI. Taken together, these studies reveal a role for A2BAR signaling in attenuating VILI and implicate this receptor as a potential therapeutic target during ALI [15] .
Conclusion
Pharmacologic studies for the treatment of hypoxiainduced inflammation provide evidence that direct
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activation of the PHD-HIF pathway can be utilized to treat inflammatory conditions. Alternatively, HIF-target genes can be targeted directly for the treatment of inflammatory conditions that are characterized by tissue hypoxia. At present, these therapeutic studies are carried out in animal models and have yet to be translated from bench to bedside. As many instances of organ failure in surgical patients are characterized by hypoxia-induced inflammation, these strategies are particularly promising for improving outcomes in surgical patients. We hope that in the course of the next decade, at least some of these treatment approaches can be introduced into the clinical practice of perioperative and critical care medicine.
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